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GENETIC EFFICIENCY IN TWO LOBLOLLY PINE 
(PINUS TAEDA L.) SEED ORCHARDS 
by
SHARON FRIEDMAN 
University of New Hampshire, December, 1982
The degree to which seed crops in seed orchards reflect the gene­
tic variability and superiority present among orchard parents (genetic 
efficiency) was examined in two loblolly pine seed orchards using 
seven allozyme loci as genetic markers.
The frequency of outcrossed progeny in the seed crop was esti­
mated using unique markers, a single locus mixed mating model, and a 
multilocus model. These estimates were 0.982, 0.992, and 0.994, 
respectively. Thus, selfing did not contribute significantly to 
deviations from genetic efficiency in these orchards.
Pollen contamination, on the other hand, was found to have a 
significant impact on genetic efficiency. Unique markers in 
background stands were used to estimate a contamination rate of 0.28
0.06. The proportion of seed in one orchard fertilized by pollen from 
the other orchard was estimated to be 0.10 +. 0.02.
The overall genetic efficiency of the orchards was examined by
comparing the observed gene frequencies in the bulk seed crop to those
expected on the basis of two models, full genetic efficiency (each
clone weighted equally), and a model in which each clone was weighted
by the number of ramets present. The best fit of the ovule pool gene
vii
frequencies was to the model weighted by ramets. The best fit of the
pollen pool gene frequencies was to a model which incorporated pollen
contamination.
Of eight markers each expected to occur at a frequency of less 
than five percent (based on weighting by ramets), all eight were found 
in both the pollen and ovule contributions to the seed crop in each of
three seed years. When seed was separated into size classes, a
substantial loss of clonal representation and genetic diversity 
occurred in each size class.
vlii
INTRODUCTION
The wind pollinated seed orchard Is one of the most widely used 
methods of producing genetically improved forest tree seed. The gene­
tic gain which can be achieved in plantations of improved progeny 
depends on the efficacy of wind pollinated seed orchards. The effi­
ciency of seed production and its improvement through cultural prac­
tices have received much attention in the literature (e.g., Sweet, 
1975). However, the degree to which seed crops reflect the genetic 
variability and superiority present among orchard parents (called 
genetic efficiency) 19 difficult to measure, and relatively few stu­
dies of factors affecting genetic efficiency have been reported (e.g., 
Adams and Joly, 1980a; Bergman, 1968; Eriksson et al., 1973; 
Muller-Starck, 1978; Schmidtling, 1980; Squillace, 1977).
For maximum genetic efficiency to occur in a wind-pollinated seed 
orchard, the following conditions must be met (Woessner and Franklin, 
1973):
1. orchard parents (i.e., clones in clonal orchards or families 
in seedling orchards) must be isolated from surrounding 
unselected trees,
2. natural self-fertilization (and sib matings in seedling 
orchards) must occur at insignificant rates,
3. pollen dispersal and female flower receptivity of different 
parents must coincide,
4. parents must be equally productive of ovules and pollen, and
5. crosses among parents must be equally compatible.
1
A H  of the above assumptions are likely to be violated to some 
degree in southern pine seed orchards (Woessner and Franklin, 1973; 
Adams and Joly, 1980a). The purpose of this study was to investigate 
to what degree violations of these assumptions affect genetic effi­
ciency. This was accomplished by comparing the genetic composition of 
actual seed crops to that expected under full genetic efficiency.
Once the genetic efficiency of the seed orchard was assessed, the 
magnitudes of factors which contribute to deviations from full genetic 
efficiency were estimated. Information on the genetic efficiency of 
seed orchards, and the primary causes for deviations from full genetic 
efficiency is vital for seed orchard managers. Based on such 
knowledge, the manager may decide to develop new seed orchard designs 
for future orchards or to implement pollination control measures such 
as enlargement of pollen dilution strips. The seed orchard manager 
may also decide to use supplemental mass pollination to obtain maximum 
control (based on current technology) over violations of the above 
assumptions.
The presence of natural self-fertilization in seed orchards may 
be one of the factors which contributes to deviations from full gene­
tic efficiency. Self-fertilization in the pines causes depression in 
a wide variety of seedling traits (Franklin, 1969). In loblolly pine, 
selfing results in a striking fivefold increase in empty seed relative 
to that found after cross-fertilization (Franklin, 1968). In addi­
tion, selfed embryos which do develop often fail to germinate; thus, a 
very small proportion of self-fertilized embryos are expected to sur­
vive to the seedling stage. Selfed progeny which do germinate suc­
cessfully usually grow more slowly and exhibit higher mortality than
outcrossed seedlings, resulting in reduced seedling survival in nur­
series and lower growth potential in plantations. For these reasons, 
the proportion of seed orchard progeny resulting from self- 
fertilization (s) versus outcrossing (t = 1-s) is of interest to mana­
gers of production seed orchards.
The proportion of outcrossed progeny (t) has been estimated in 
pine species using both mutant and allozyme markers. Based on mutant 
marker alleles, Franklin (1968) estimated t in a natural stand of 
loblolly pine to be 98.25 percent. Several recent studies have speci­
fically addressed the problem of estimating t in seed orchards. In 
three studies of three different Scots pine (Pinus sylvestris L.) seed 
orchards the proportion of outcrossed progeny was estimated to range 
from 0.874 to 0.977 (Rudin and Lindgren, 1977; Muller-Starck, 1979;
Shen et al., 1979). However, in these studies outcrossing estimates 
were based only on single clones which carried unique allozyme 
markers. Work by Sorenson (1970) and Shaw and Allard (1982) indicate 
that clones may vary in outcrossing rates. Based on a seed sample of 
five clones in two adjacent loblolly pine orchards, each with unique 
allozyme alleles, Adams and Joly (1980a) found an average of 98.8 per­
cent outcrossed progeny, and no evidence that outcrossing rates varied 
among clones, although sample sizes were small (range 60-80). A maxi­
mum likelihood estimator of t, which does not require the presence of 
unique alleles, was used to estimate a mean t value of 0.90 in three 
seed crops in a Monterey pine (Pinus radiata D. Don) seed orchard 
(Moran et al., 1980). The maximum likelihood method was also used to 
estimate a mean t of 0.91 in a seed orchard of Douglas-fir (Pseudotsuga 
menziesli [Mirb.] Franco) (Shaw and Allard, 1982). Based on previous
4reports, then, from two to ten percent of seed orchard seed may result 
from self-fertilization.
The assumption of random mating within the seed orchard can be 
violated by self-fertilization, and also by mating between trees out­
side the orchard and those within. If pollen contamination occurs,
i.e., if selected seed orchard parents are not sufficiently isolated 
and are pollinated by surrounding non-selected trees, a decrease in 
the genetic gain from that expected when only orchard parents are 
involved in matings is likely. Genetic gain could be decreased by as 
much as one half from expectation, if all the ovules are fertilized by 
contaminating pollen (Squillace and Long, 1981). Reduction in 
expected genetic gains resulting from pollen contamination will be 
greater in advanced-generation orchards than in first generation 
orchards (Sniezko, 1981).
Procedures which reduce pollen contamination have been based on 
data from pollen flight studies. Studies of pollen based on point 
sources (individual trees) suggest that most pollen falls within a 
limited distance (49 km, Colwell, 1951). Pollen from plane sources, 
such as stands or forests, however, is capable of travel over long 
distances (100-2000 km, Scamoni, 1955). Strand (1957) developed 
equations which predict pollen movement from sources with different 
geometry. The existence of thermal shells may cause unpredictable 
long-distance pollen movement (Lanner, 1966). The distance travelled 
by pollen may also depend on the type of ground cover and the density 
of the stand (McElwee, 1970).
Isolation or pollen dilution strips separating seed orchards from 
surrounding stands are frequently established in an attempt to reduce
5the influx of background pollen (Denison and Franklin, 1975). Most 
southern pine seed orchards have used the 122 m (400 ft.) isolation 
strip suggested by Wang et al. (1960) as a minimum. According to the 
pollen flight studies of Wang et al. (1960) and McElwee (1970), bare 
ground is the most effective pollen dilution strip, although in prac­
tice many strips are planted to non-hybridizing species. In a study 
by Squillace (1967), seed set in a young slash pine (Pinus elliotii 
Engelm.) orchard with a 122 m-wide dilution strip was found to be nor­
mal, despite the emasculation of all clones prior to pollination.
Based on differences in timing between orchard pollen flight, and the 
peak of pollen observed in a seed orchard, Jonsson et al. (1976) 
suggest that contamination may be a problem in an orchard with a 1.5 
km pollen dilution strip.
Pollen dispersal studies measure the amount of pollen at varying 
distances from a pollen source. These studies establish an upper 
limit on possible pollen contamination, but do not measure the amount 
of pollen which is successful in fertilizing ovules. Recently, the 
use of biochemical markers has enabled geneticists to estimate the 
proportion of ovules fertilized by different pollen sources. When 
monoterpenes were used as biochemical markers, Squillace and Long 
(1981) estimated pollen contamination to be as high as 80 percent in a 
small (2 hectares with 9 clones) and thus atypical seed orchard.
Pollen contamination in a seed orchard is the result of gene flow 
from background stands. The extent of gene flow in natural popula­
tions and its role in evolution has been much debated in recent years 
(Endler, 1973; Ehrlich, 1969). Nevertheless, few estimates of gene 
flow exist due to the difficulty in measuring it (Grant, 1980).
6Estimates of pollen contamination, therefore, would not only be of 
value to orchard managers, but also would provide much needed infor­
mation on an important evolutionary parameter.
Besides pollen contamination and self-fertilization, other fac­
tors which may cause deviations from full genetic efficiency include 
clonal variation in strobilus production and phenology, and incom­
patibility. Clonal variation in male and female flower productivity 
and phenology is well known to orchard managers, and has been docu­
mented quantitatively in a number of cases (Bergman, 1968; Eriksson et 
al., 1973; Jonsson et al., 1976). For example, the top four of 
eighteen clones (not the same clones each year) produced 76 percent,
65 percent and 62 percent of the sound seed in a loblolly pine seed 
orchard (Schmidtling, 1980). Schmidtling also found a significant 
year by clone interaction in both male and female strobili production. 
Cross-incompatibility in some clone combinations is suggested by the 
variable success in producing sound seed from two parent controlled 
crosses in breeding programs (Woessner and Franklin, 1973). Thus, 
almost all the assumptions required for full genetic efficiency in 
seed orchards have been shown to be violated under certain conditions.
MATERIALS AND METHODS
General Procedures
This study was conducted in two loblolly pine seed orchards owned 
by Champion International Corporation in Newberry, South Carolina.
The orchards were each approximately two hectares (five acres) in 
size, and were separated from each other by a 100 m wide strip con­
taining a Virginia pine (Pinus virginiana Mill) seed orchard (Fig. 1). 
The three-orchard complex was surrounded by a 122 m wide isolation 
strip consisting of a cleared area, a slash pine (Pinus elliotti 
Engelm.) plantation, and a mixed loblolly-hardwood stand from which 
most flowering loblolly were periodically removed (personal com­
munication, David Todd, Champion International).
One orchard contained 27 clones of ortets which had been selected 
for high specific gravity wood (HSG); the other, 23 clones of ortets 
which had been selected for low specific gravity wood (LSG). Most of 
the ortets were located within 50 km of the seed orchard site, and 
most distant ortet was approximately 100 km from the orchards. At the 
time of the first sampling in 1975, orchard grafts were an average of 
15 years old and were in full pollen and seed production.
This study deals with the seed crops from these orchards in 1975, 
1976 and 1978; crops resulting from wind pollinations which occurred 
during the springs of 1974, 1975 and 1977, respectively. Roguing of 
orchard ramets occurred in both orchards in October of 1974 and 1977, 
so that the clonal composition of the orchards changed during the
7
8course of the study period. The composition of the orchards before 
October 1974, between October 1974 and 1977, and after October 1977, 
will be designated A, B, and C, respectively. Because pollination 
takes place one and one-half years before the seed is mature, and
because some trees were removed, the seed crops of 1975, 1976 and 1978
were the result of different combinations of male and female parentage
in the orchards each year as follows:
Composition of parentage




The number of ramets in each orchard is described below:
Ramets Range
Composition______ LSG______ HSG______ per clone
A 300 301 1-39
B 202 183 1-25
C 164 144 1-23
The seed crops of the orchards were sampled in two different ways.
For the self-fertilization and pollen contamination studies, cones 
were sampled separately from ramets of clones in 1975, 1976 and 1978. 
Cones were picked from the entire crown by employees of Champion 
International and placed at the base of the tree; sampled cones were 
chosen randomly from these. Seedlots from each ramet were kept 
separate. Seed samples were chosen on a grid pattern to sample ramets 
of different clones located throughout both orchards, and to sample 
some of the same ramets in each of three years. In 1975, 38 ramets of 
24 clones were sampled, in 1976, 36 ramets of 25 clones, and in 1978,
97 ramets of 7 clones. Approximately 6-700 3eeds were obtained from 
each sampled ramet.
In the fall of 1978, seed samples were also obtained from 57 
loblolly pine trees in the surrounding natural stands. The trees were 
distributed throughout the forested area surrounding the orchard, and 
sampled in proportion to the quantity of pollen produced from that
area of trees. Trees to the northwest of the seed orchards had been
clearcut before 1978; however, enough scattered trees remained to 
obtain a sample from ten trees. The four trees within the slash pine 
plantation included all the flowering loblolly found in the plan­
tation. Some of these trees were closer than the 122 m pollen 
dilution strip and had probably been missed due to their rare 
occurrence in the slash pine plantation. These trees were from 50 to
100 m from the border of the orchard, but were in a dense stand and
produced very little pollen. Most of the trees sampled outside the 
orchards (40 trees) were located in openings along a road, and pro­
duced copious amounts of pollen. All trees chosen for sampling were 
located within approximately 500 m of the seed orchards.
For the genetic efficiency study, samples of the orchard crops 
were obtained. Beginning in 1975, the seed crops from the two 
orchards were combined and processed in bulk. Random samples of 
approximately 40,000 seeds from the bulked seed crops of 1975 and 1976 
were obtained by sampling a handful of seed from each of several 
storage bins and mixing them together. In 1978, seeds from the bulked 
seed crops were separated into small (average 50,715 seeds/kg, 23,000 
seed/lb.), medium (average 39,690 seeds/kg, 18,000 seeds/lb.), and 
large (average 28,665 seeds/kg, 13,000 seeds/lb.) size classes prior
10
to storage by using mesh screens of different sizes. In 1978, a 
sample of approximately 1,000 seed was obtained for each size class.
For the total over years of 81 sampled ramets, the number of seed 
subjected to electrophoretic analysis per ramet ranged from 30-122 
with a mean of 89.4. The number of seeds electrophoresed in the bulk 
crops were 508 in 1975, 493 in 1976 and 221-245 seed for each of the 
three seed size classes in 1978.
The sampled seed were assayed electrophoretically using the methods 
of Adams and Joly (1980b). The megagametophyte (IN) and embryo (2N) 
tissues of the seed were analyzed separately, and the genotype of each 
tissue was determined at seven allozyme loci: 6DH (glutamate hydro-
genase, E.C. 1.4.1.2), LAP1 (leucine aminopeptidase, E.C. 3.4.11.1),
P6I2 (phosphoglucose isomerase E.C.5.3.1.9), 60T2 (gluconate oxalo- 
acetate transaminase E.C.2.6.1.1.), 6PGD (6-phosphogluconate dehydro­
genase, E.C. 1.1.144) and PGM1 and PGM2 (phosphoglucomutase, E.C.
2.7.5.1). Details of the the banding patterns of these allozymes, and 
analyses of their Mendelian genetics are also found in Adams and Joly 
(1980b). Based on the diploid genotypes of the embryos, allelic 
frequencies at all seven loci were calculated for each seed sample.
Since the megagametophyte contains the same haploid genotype as the 
female gamete, the parental origin of both genes in the embryo could 
be inferred. In such a manner, the allelic frequencies among the 
female gametes (ovule pool) and among the male gametes (pollen pool) 
forming the embryos in each seed sample were also determined.
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Self-fertllizatlon
Three procedures for estimating the proportion of outcrossed pro­
geny from gene frequencies in the pollen pool were used in this study. 
These procedures include methods using 1) unique markers (allozymes 
unique to individual clones), 2) single-locus estimates based on the 
mixed mating model, 3) multilocus estimates based on the mixed 
mating model. Both the unique marker and the multilocus procedures 
allow estimates of proportion of outcrossed progeny for individual 
ramets and clones, while only population estimates can be obtained 
using the single-locus mixed mating model.
Unique Marker Method
The simplest procedure for estimating the proportion of 
outcrossed progeny with allozymes is the use of allozyme markers 
unique to individual clones. These markers can be alleles at single 
loci or at combinations of different loci. If p equals the proportion 
of the progeny of an individual clone expected to carry a unique 
marker (e.g., p ■ 0.5 when a clone is heterozygous for a single marker 
allele), then the proportion of progeny resulting from outcrossing is:
2 . x (l-t)[l-p(l-t)]
t = 1 ---—  and var( t)  -------- — ------
pN pN
where x is the number of observed markers in N sampled progeny.
Single Locus Model
Brown and Allard (1970) developed a maximum likelihood estimator 
for t based on the mixed mating model. The model divides mating
12
events into two groups: those due to random mating, wxth probability
t, and those due to self-fertilization, with probability s. One of 
the assumptions of this model is that self-fertilization is the only 
factor which may cause deviations from random mating. Other assump­
tions in this model are that t is uniform for all maternal genotypes 
and pollen alleles (i.e., that there is no variation among genotypes 
in proportion of outcrossed progeny), and that pollen gene frequencies 
are uniform over all maternal genotypes. With these assumptions, the 
probability of a certain genotype occurring in the progeny of a female 
(with a known genotype) can be expressed using only two variables, t 
(s ** 1-t) and p, the pollen pool frequency of a certain allele in the 
outcross pollen pool (i.e., in pollen involved in random outcross 
events). For example, if the genotype of the maternal parent at a 
diallelic locus is AjA^, and the frequencies of A} and A2 in the 
outcross pollen pool are p and 1-p, respectively, then the probability 
of A2A2 progeny from this parent is zero, the probability of an A]A2 
progeny is t (1-p), and the probability of AjAj progeny is (1-t) + tp. 
For the joint estimation of two parameters (t and p), progeny data 
from at least two different maternal genotypes are required.
In this study, maximum likelihood estimates of p and t were found 
using methods similar to those described in Brown and Allard (1970).
In this case, however, genotypes of female parents were known from 
Adams and Joly (1980a). Thus, based on the single locus model, the 
proportion of outcrossed progeny was estimated for each locus 
separately. It is the viable progeny that are measured, so that t 
measures mating plus the effects of self-fertility. An assumption of 
this model is that self-fertility is random with regards to maternal
13
genotype. Other assumptions include that pollen pools are homogeneous 
over maternal genotypes, and that pollen viability does not vary by 
maternal genotype. If these assumptions are violated, however, the 
estimates of t are expected to vary over loci (Shaw et al., 1981). 
Certainly clones vary in self-fertility, based on differences in seed 
yield of the clones after artificial self-pollination (personal com­
munication, Jerry Sprague). The clones in this study also varied in 
pollen pool gene frequencies. Nevertheless, the assumptions of this 
model involve genotypes at individual loci, and many clones possessed 
the same genotypes, so that the effect of clonal differences may have 
occurred only with genotypes possessed by one or a few clones.
Multilocus Model
While single locus estimates of outcrossing require all the 
assumptions mentioned above, the use of multiple loci to estimate t 
should provide a method less susceptible to single-locus confounding 
effects (Shaw et al., 1981). This method involves dividing the pro­
geny of a clone into two classes, those that are identifiable 
outcrosses (i.e., possess multilocus genotypes which could not have 
resulted from selfing) and those that are non-discernible from selfs, 
a class composed of both selfs and multilocus genotypes which cannot 
be distinguished from selfs. The proportion of discernible outcrosses 
is therefore a lower limit to the estimate of t. To get a better 
estimate of t, the proportion of non-discernible outcrosses is 
corrected (divided) by the probability of a tree being fertilized by a 
pollen grain carrying a non-discernible genotype (based on the
14
expected frequencies of such multilocus genotypes in the pollen pool). 
A multilocus estimator of t is then:
t = x/n(l-a) (1)
where x is the number of observed outcross progeny, n is the total 
number of progeny sampled, and o is the probability of a non- 
discernible outcross in the pollen pool (Shaw et al., 1981). Although 
this estimator was originally developed for estimating an overall 
average outcrossing rate for populations, we were interested in 
obtaining estimates for each individual clone (t^) so that:
a
= x^n^l-o^).
In this case, x^  ^ is the number of observed outcross progeny, and n^ is
the number of progeny in the sample from clone i. The probability of
a male gamete in the outcross pollen pool of clone i possessing a
genotype which cannot be identified as different from the genotype of
clone i is a^. If the loci are Independent, then is simply the
product of the frequencies in the overall pollen pool of the allele or
alleles possessed by clone i over all loci. The loci used in this
study were unlinked, and disequilibrium is probably not important
(Shaw and Allard, 1981). The frequencies of the alleles in the pollen
pool were estimated by summing the alleles in the pollen pools of all
sampled ramets. This was done separately for each orchard each year.
In Shaw and Allard (1981), a is treated as a constant, and the 
*




The variance of t calculated by equation 2 can be considered a
A
lower bound estimate on the variance of t. Since a is actually a ran­
dom variable and has an associated variance, it is more correct to
A
calculate the variance on t taking the variance on a into account. If 
x^/n^ ■ q^, then from equation (1):
t± =* qi/U-ce^
and









var t.  -------var(q.) + -------- var(a,)
(1-a)2 1 (1-c^)1* 1
2 q± covCq^Oj)
+ (l-a^l
where the variances of q^ and are sampling variances.
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The pollen pools of all ramets were combined into a common 
orchard pollen pool from which the for each clone was estimated. 
Thus, the pollen pool samples used to estimate (the pollen pool of 
a clone) and (the pollen pool of all clones in the orchard) were 
not independent, and the covariance of q^ and can be expected to be 
nonzero.
In a similar situation, Omi (1982) compared variances based on 
independent gametic frequencies (obtained by subtracting the clonal 
sample and calculating gametic frequencies from the remaining large 
sample), and those based on gametic frequencies calculated from the 
entire large sample. Based on this work, the covariance term is very 
small. Therefore, the term which includes the covariance on ot^ was 
dropped from formula used to calculate a variance on the estimate of t.
Thus, the following terms are added to equation (2) by including 
the variance on a^: var( oi)(q12/(l-oi)lf.
Pollen Contamination
In this case, the sources of pollen which could contribute to the 
pollen pool of the ramets in one orchard can be divided into pollen 
from the ramets themselves (i.e., selfing), from other trees in the 
same orchard, from clones in the adjacent loblolly pine orchard, and 
from loblolly pine trees in the background stands. Since selfing was 
found to account for less than one percent of the progeny of the seed 
orchard clones in this study (see Results and Discussion), selfing 
will be disregarded in order to formulate a simplified pollen migra­
tion model. Therefore, the frequency (P ) of any marker allele (a )
p m
in the pollen pool of a receptor orchard can be described as a
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function of the frequencies of the marker alleles in various pollen 
sources, and the proportion of pollen gametes from those sources that 
make up the pollen pool of the orchard. Thus, the model is:
PP = (1-ma - V  pr + mapa + Vb <3>
where
Pp •» frequency of allele affl in the pollen pool of the receptor,
P_ =» frequency at which allele a is produced in the background 
B stands, m
P. =» frequency at which allele a is produced in the adjacent 
A  - - in
orchard,
P_ =» frequency at which allele a is produced in the receptor 
orchard, m
» the proportion of the receptor pollen pool due to pollen 
gametes from the adjacent orchard,
Mg =» the proportion of the receptor pollen pool due to background 
pollen sources,
and
1-M^ - Mg » the proportion of the receptor pollen pool due to 
pollen from the receptor orchard.
The frequency at which alleles were produced in the orchards (P^ and 
PR ) were derived using the genotypes of clones in the orchards and 
weighting by the number of ramets in each clone. P^ and PR were 
assumed to be equal to the frequencies present in the orchard clones, 
which were known without error. The assumption that each clone within 
the orchard produces an equal number of pollen gametes is likely to be 
violated under natural conditions for reasons outlined in the intro­
duction, above. To estimate Pfi, the same assumption is required for 
trees in natural stands. In addition, the estimation of Pg required
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sampling 57 trees in a large population, and has an associated 
sampling variance. Pp was estimated from sampled seed, and also has a 
sampling variance.
and Mg were estimated in two ways. The first method utilizes 
allozyme markers unique to a pollen source, and the second uses a 
multiple regression technique similar to that of Squillace and Long 
(1981).
Unique Markers
Both unique single alleles and multiple allelic combinations were 
used as pollen markers to determine and Mg. For estimation of Mg, 
four allozyme markers were chosen which were present in the background 
stands, but not among clones in either orchard. Among these markers 
were one unique allele (6PGD-7) and three unique combinations of 
alleles at two to five loci. With markers unique to background 
stands, P^ and P^ are equal to zero, and model (3) reduces to:
V b
The maximum likelihood estimator for Mg is X/NPfi where X is the 
number of a alleles observed in N sampled pollen gametes in the
m
receptor orchard, and hence X/N is an estimate of Pp . The large
A A A A
sample variance of Mg is var(Mg) = Mg(l-MgPg)/PgN. Since Pfi and 
P must be estimated, their sampling variances must also be considered
A
in the variance of Mg, So that:
var(Mg) = — i— var(Pp ) + Mg2 var(Pfi).
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In addition to the allozyme markers unique to the background 
stands, an allele (LAP2-3) unique to one clone in the HSG orchard, and 
not found in the background stands, made it possible to estimate 
pollen contamination in the LSG orchard from pollen in the HSG 
orchard. If a unique marker exists in the adjacent orchard, which is 
not present in either the receptor orchard or in the background 
stands, Pg and Pg are equal to zero. The maximum likelihood estimator 
of orchard to orchard pollen transfer (M^) can be derived such that:
p
Ma  - -E. and var(MA ) = MA (1-MAPA )/PAN
A
The assumptions required by these models include:
1. all genotypes contribute pollen equally to the pollen pool, 
and
2. the success of alleles in fertilizing ovules is in proportion 
to their frequency.
It is likely that violations of these assumptions may occur; 
differences between clones in pollen production and phenology of 
pollen dispersal, as well as gametic selection, could cause these 
assumptions to be violated. For example, based solely on the number 
of ramets of the marker clone present in the orchards, PA was 
estimated to be 0.047 in the HSG in 1975 and 0.038 in 1976. These 
markers were observed in the HSG orchard at 0.031 in 1975 and 0.013 in 
1976. If 0.038 were replaced with 0.013, a three fold difference in
the M. estimate would result.A
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Regression Method
It is possible to estimate Mg and M^ concurrently when data from 
more than one locus are used, with the regression model of Squillace 
and Long (1981). According to model (3):
pp - ( M W  p r  + m a p a  + V b -
This can be rearranged to yield a linear regression model:
Yi " MAXli + “8*2!
where
Yi Ppi “ PRi 
Xli " PAi " PRi
X2i * PBi ~ PRi
and Pp^, PR^ P ^  and PRi are the frequencies of alleles at each of the
i loci. Least square estimates for M^ and Mg were computed for each
orchard in each of two years using the gene frequency data from all 
seven loci. The gene frequencies for each locus were those of the 
allele most common in the LS6 orchard.
Genetic Efficiency
Expected Allelic Frequencies - 1975 and 1976 Seed Crops
The genotypes of the orchard clones, known from a previous study 
(Adams and Joly, 1980a), were used to calculate expected allelic fre­
quencies in the embryos, and pollen and ovule pools of each seed crop. 
Three models were used to calculate expected frequencies. In model A,
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maximum genetic efficiency was assumed, i.e., the genotypes of all the 
clones in the orchard were given equal weights. Since the number of 
ramets differed greatly among clones, Model B was calculated by 
weighting each clonal genotype by the number of ramets of that clone 
present in the orchards. Due to the presence of pollen contamination 
(see Results and Discussion) model E was derived by adjusting Model B, 
assuming 30 percent contamination from natural stands. The gene fre­
quencies in the background stands tended to be intermediate between 
the frequencies expected (model B) in the LSG and HSG orchards; 
however, some alleles occurred in the background stands which were not 
found in the orchards, and some alleles occurred at frequencies 
greater than expected in either orchard. Because seed from the two 
orchards were bulked together beginning in 1975, the frequencies 
expected in the bulked seed crop were calculated by weighting the LSG 
frequencies by 0.68 and the HSG frequencies by 0.32 These proportions 
were derived from data on the proportion of seed produced by each 
orchard over the previous five years (Champion International). Since 
the range of the proportion of seed produced by the LSG orchard was 
relatively small over the previous five years (0.26 to 0.38), these 
weights probably approximate closely the true relative seed production 
in these orchards in 1975 and 1976. Differences in observed and 
expected frequencies were tested using the chi-square goodness-of-fit 
test (Snedecor and Cochran, 1978).
1978 Seed Crop
Since the bulked seed crop in 1978 was subdivided into three size 
classes, gene frequencies were estimated separately for each size
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class. Genetic differences among size classes were then tested, using 
the Independence chi-square test (Snedecor and Cochran, 1978) for each 
of the seven loci. Expected frequencies for the 1978 pollen pool were 
calculated as in the 1975 and 1976 seed crops above and compared to 
the observed pollen pool of all 1978 seeds, regardless of size class. 
Ovule and embryo comparisons were not made for the 1978 seed crop, 





Unique markers were available to estimate the proportion of pro­
geny due to outcrossing in six clones, three from the LSG and three 
from the HSG orchard (Table 1). Estimated t values were not signifi­
cantly heterogeneous (based on Fisher's weighted variance test) and 
were very close to 1. Pooling the t estimates over clones (except 
clone 46, for which no variance could be estimated) and weighting by 
the reciprocal of the variance, yields a weighted mean of 0.982 +_ 
0.006. Including clone 46, an unweighted mean of 0.972 was obtained. 
Thus, the weighted and unweighted estimates were very similar.
Because the counts of selfed progeny were low (most were < 5), 
Poisson confidence intervals were calculated to obtain an estimate of 
the range over which t might occur. Of the three clones for which it 
was possible to obtain t estimates in both the 1975 and 1976 seed 
years, only one clone (10) showed a significant (p < 0.05, x2 hetero­
geneity test) heterogeneity in number of markers observed from one 
year to the next. This is due to ramet 10C, which contained 1 selfed 
progeny out of 65 observed in 1975, and 5 selfed progeny out of 109 
observed in 1976. This difference may be due to chance, or due to a 
real difference in the proportion of outcrossed progeny from year to 
year. In light of the fact that none of the observed progeny of
ramets 10A and 10B were selfed in either 1975 or 1976, it is
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interesting to note that ramet IOC is located within 15 m of two 
other ramets of clone 10, while ramets 10A and 10B have no other 
ramets of clone 10 within 15 m. Thus, the proximity of other 
ramets of the same clone may increase the probability of self- 
fertilization.
Single Locus Estimates
Estimates of t were possible at from 3-7 loci in each orchard in 
each of two years (Table 2). Estimates at all loci were not possible 
because the appropriate maternal genotypes were not sampled or did not 
exist in each orchard each year. Estimates of t ranged from 0.917 to 
1.046, but in only one case (HSG 1976) were estimates heterogeneous 
over loci within a certain orchard and year. In 1975, the t estimate 
in each orchard differed significantly from 1. In 1976, none of the 
estimates differed significantly from 1. The difference between t 
estimates for 1975 and 1976 was significant (0.969 vs. 1.016). A 
possible reason for differences in outcrossing may have been a roguing 
which occurred between the two years, and which removed approximately 
one third of the stems in each orchard. Ignoring the heterogeneity 
among loci and between years, a pooled overall estimate of t is 0.992 
+ 0.007. This is in very close agreement to the estimate based on 
unique markers.
These data do not exhibit heterogeneity among loci, except in the 
one case mentioned above. This suggests that the pollen pools in 
these seed orchards are relatively homogeneous over genotypes.
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Multilocus Estimates
An estimate of the proportion of outcrossed progeny for each 
clone sampled in 1975 and 1976 can be found in Appendix 1. Of the 
13 clones sampled in the LSG in 1975 and 1976, only clone 16 exhibited 
an estimated t significantly different from 1 and then only in 1975 
(0.935 in 1975, and 1.056 in 1976). Clone 26 was the only clone of 
the 11 in the HSG in 1975, and the 12 in 1976, to have an estimated t 
(0.886) significantly less than 1. Clone 26 was not sampled in 1975, 
so that year-to-year variation could not be tested for this clone. 
Estimates of t exhibited significant heterogeneity among clones, based 
on Fisher's weighted variance heterogeneity test, only within the LSG 
in 1975. Therefore, estimates were pooled over clones. Pooled esti­
mates of the proportion of outcrossed progeny for both orchards for 
1975, 1976, and 1978 were once again very high (Table 3). There were 
no significant differences between years, as in the single locus
model; however, the pooled t estimate was again lower for 1975 than
for 1976. The pooled t estimate over orchards and years was 0.994 _+ 
0.007.
The use of a variance on a caused a very small Increase in the 
variance of t^. Over the range of sample sizes used in calculating a
(2164 to 812), an increase in sample size alone did little to decrease
the variance on t. On the other hand, the value of a itself is much 
more important to the precision of the t estimate. This is apparent 
from the fact that o is the probability that an outcross genotype can­
not be differentiated from the maternal genotype. Therefore, the best
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way to increase the precision of the t estimate is to use as many 
loci, with as many alleles, as possible. Increasing the number of 
progeny sampled is not as effective in reducing the variance on t as 
is increasing the number of variable loci examined.
Comparison of Estimation Procedures
Estimates based on unique markers require the assumption that the 
markers are indeed unique, that, in fact, no markers from other sour­
ces will enter the pollen pool. This is more likely in a relatively 
discrete population, such as a seed orchard, than in a sample of trees 
in a continuous stand. If this assumption is incorrect, the estimated 
value of t would be lower than the true value. Rare alleles can 
generally be found in only a few of the clones studied; this is a 
drawback if an overall population estimate of t is desired.
The single-locus method requires the assumptions that pollen 
pools are homogeneous over all maternal plants, and that the rate of 
outcrossing is independent of maternal genotype. From a practical 
standpoint, a disadvantage of this method is that two maternal 
genotypes are required at each locus to get an estimate. When dif­
ferent loci yield different estimates of t, it is not clear which 
estimates are correct.
An advantage of the multilocus model is that t can be estimated 
on a clonal, or entire population, basis. If t is estimated separa­
tely for each clone, as we have, the assumption of no difference in 
proportion of outcrossed progeny among maternal genotypes is not 
required. The assumption added to those of the single-locus model, 
that the loci used are independent, is easily tested. On the other
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hand, the assumption of pollen pool homogeneity is not easily tested. 
Departures from the assumption of pollen pool homogeneity have a 
smaller effect on the multilocus method estimates than on the single­
locus estimates, however (Shaw et al., 1981).
To summarize, the unique marker method is preferable where some 
certainty exists that the marker is in fact unique, and where 
estimates from only a few maternal genotypes are required. The multi­




The frequencies of the background stand marker alleles in the 
pollen pools were tested for heterogeneity (using a chi-square hetero­
geneity test) for each of four markers in each of two years. Only one 
of the eight marker-year combinations (marker 4, 1975) exhibited 
significant heterogeneity over orchards (x2 “ 7.27, 1 d.f., p < 0.01). 
The direction of this difference was reversed, and the difference for 
the same marker was not significant, in 1976. Therefore, markers were 
pooled over orchards. Data on markers from the seed crop sample were 
then added, and heterogeneity between years was tested for each marker 
using the chi-square heterogeneity test. The number of markers 
received was not heterogeneous over years (p > 0.05) for each of the 
four markers. Data on the markers were then pooled over years.
Four pooled estimates of Mg were then obtained, one for each 
marker (Table 4). Pooled estimates of Mg ranged from 0.17 to 0.42
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among the four markers; however, due to large standard errors, these 
estimates proved to be homogeneous (heterogeneity ^2 = 2.77, 3 d.f.). 
The pooled estimate of pollen contamination from background stands in 
these two orchards over two years was 0.28.
The estimated proportion of LSG seed fertilized by pollen from 
the HSG orchard (M^) was nearly twice as high in 1975 (M^ ® 0.13) as 
in 1976 (M^ = 0.07), but the difference was not significant (Table 5). 
Pooled over years, pollen contamination in the LSG from the adjacent 
orchard was estimated to be only about one third (M^ = 0.10) that from 
background sources. This might be expected if pollen dispersion 
distances depend on the total size of the pollen source (Strand,
1957). Transfer of pollen from the HSG to the LSG, it should be 
noted, occurs in a SW direction, and the prevailing wind direction is 
from the SW during pollen flight (personal communication David Todd, 
Champion International).
Regression Method Estimates
The standard errors of the estimates of and Mg obtained using 
the regression approach were large: two to four times as large as the
standard errors of the estimates obtained using unique markers. 
Nevertheless, the pooled estimates of (0.19 0.09) and Mg (0.25 _+
0.13) were in fairly close agreement with the estimates based on the 
maximum likelihood approach (Table 6). No standard errors were 
reported for the contamination estimates of Squillace and Long (1981), 
but standard errors would presumably always be large when a limited 
number of loci are utilized. The regression technique has the further 
drawback that data are reduced to a single data point (the frequency of
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the most common allele) at each locus. Information on alleles other 
than the most common allele Is not Included. For example, In this 
study there were seven alleles at the 6PGD locus. Five of the seven 
were relatively rare; nevertheless, the frequency of a single allele at 
this locus was used in the regression. Another drawback to the
regression method is that the number of observed pollen gametes is not
included.
For the LSG in 1975, the estimate of M^ has a negative value.
This may be due to the fact that the most frequent allele at one locus
(LAP2) was observed at a higher frequency (0.613) in the pollen pool
of the LSG than in any of the other pollen sources (PR = 0.583, P^ =
0.450, P„ = 0.544). This suggests that some of the assumptions which 
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go into these models may be violated; e.g., that clones are not 
equally effective in producing pollen which is successful in fer­
tilization. This may be due to differences among clones in relative 
amount of pollen produced, the timing of pollen dispersal, or to some 
form of gametic selection.
Genetic Efficiency.
1975 and 1975 Seed Crops
To explore the effect of different models on the expected genetic 
diversity in the seed crops, expected gene frequencies were calculated 
on the basis of four models. Besides Model A (full genetic 
efficiency) and Model B (weighted by clones), described above, 
expected frequencies were also calculated assuming that only the top 
22 percent (11 clones, model C) and the top 8 percent (4 clones, model
30
D) seed producing clones produced all the seed. These 11 and 4 clones 
were generally good cone producers, and the orchard had been rogued to 
increase the number of ramets of each of these clones.
When the expected frequencies for the four different models are 
compared for the 1976 seed crop (Table 8), it is clear that models A 
(complete genetic efficiency) and B (weighted by ramets) yield similar 
frequencies at most loci (the greatest difference is approximately 
0.05). With model C (top 22%), although the frequencies are different 
from those in Models A and B by less than 0.10, three alleles which 
occur in low frequency «  0.03) in models A and B (i.e., PGI2-4,
6PGD-1 and P6M2-1) are expected at zero frequency in model C.
Finally, differences in allelic frequencies between model D, and 
models A and B were as large as 0.37, and seven of the nineteen alle­
les expected under models A and B were lost. Thus, expected seed crop 
frequencies are altered only to a minor degree by rather large dif­
ferences in relative contributions of different clones. The gene fre­
quencies are not very sensitive to differences in clonal contributions 
because at most loci, one allele is in very high frequency.
Expected heterozygosities (Nei's H) under the four models also 
differed relatively little; from model D, with 0.221 expected hetero­
zygosity, to model A, with 0.260 expected heterozygosity. The mean 
number of alleles per locus was the same, 2.71, for models A and B, 
and reduced to 2.14 in model C, and to 1.70 in model D. Of the two 
measures of genetic diversity, the mean number of alleles per locus 
appears to be the more sensitive in distinguishing the more extreme 
models from models A and B. The determination of whether model A or B 
best fit the observed allelic frequencies in these seed crops would be
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very difficult to accomplish. Only when more extreme deviations from 
full genetic efficiency (such as C and D) are considered, do strik­
ingly different expectations in gene frequency become evident. Even 
the more extreme models cannot be differentiated on the basis of 
expected heterozygosities. Adding to the number of loci and alleles , 
in this study would no doubt have enhanced the capability to 
distinguish between models A and B.
Observed gene frequencies in the embryos were similar to those 
expected under models A and B (Tables 8 and 9), i.e., observed gene 
frequencies never differed by more than 0.05 from those expected under 
either model. This is not surprising, given the insensitivity of the 
gene frequencies to large changes in the clonal contribution. Of 
eight markers which were expected at a frequency of less than five 
percent, all were found in both the ovule and pollen contributions to 
the seed crop in each of three years.
However, the significant lack of fit to models A and B, based on 
chi-square goodness-of-fit tests (p < 0.05), reflects deviations from 
expectations under both full efficiency (model A) and model B. Thus, 
these data indicate that each clone does not contribute equally to the 
seed crop, even when number of ramets are taken into account. Reasons 
for these inequalities may include the factors mentioned above: 
pollen contamination, cross-incompatibility, or clonal differences in 
seed and pollen production or floral phenology.
There is no evidence that genetic diversity is decreased in the 
seed crops from these orchards relative to that expected under full 
efficiency. While the expected heterozygosity is slightly lower than 
that expected under full efficiency, the number of alleles per locus
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is higher. This is due to alleles introduced through pollen con­
tamination.
To further investigate the causes of the deviations of observed 
from expected gene frequencies, the expected and observed frequencies 
in the pollen and ovule pools were examined separately. For the 
pollen pool, the best fit in each of the three sampled years was 
achieved with model E, in which pollen contamination was taken into 
account (Tables 10 and 11). Nevertheless, in 1975 and 1976, the 
observed gene frequencies showed significant (p < 0.05) lack of fit to 
those expected under Model E. The significant lack of fit in 1975 and 
1976 might be due to clonal differences in pollen production or pheno­
logy, or cross-incompatibility among clones.
The observed gene frequencies in the ovule pools also exhibited 
significant deviations from those expected based on models A and B 
(Table 12). In 1975, the total goodness-of-fit chi-square was 
decreased by over fifty percent when model B was used (i.e., when clo­
nal genotypes were weighted by the number of ramets). In 1976, the 
goodness-of-fit chi-square was actually slightly greater with mode! B 
than with model A. It is interesting that in 1976, chi-square 
goodness-of-fit values at all individual loci, except 6PGD, decreased 
by more than one-half when model B was employed. A four-fold increase 
in the chi-square value at the 6PGD locus, however, was found. 
Nevertheless, the general trend over the two years suggests that the 
observed frequencies in the ovule pool fit model B better than Model 
A.
In the ovule pool, a total of three loci in 1975 and four loci in 
1976 showed significant deviations from expected frequencies based on
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model B. Two of the four loci which deviated significantly from 
expectation in 1976 did not deviate in 1975. Thus, at least some of 
the deviations from expectation were not consistent from year to year. 
Chance factors involved in the sampling of the seed crop could be 
involved. Another possibility is that relative contributions of sound 
seed differ among clones in the different years.
To examine this possibility further, the observed gene frequen­
cies were compared in two years for which the expected frequencies 
were the same; i.e., the clonal composition of the orchards was the 
same (Table 13). In the ovule pool, three of the seven loci showed 
significant (p < 0.05) heterogeneity in a chi-square independence 
test. Thus, it appears that only models which take into account rela­
tive seed production in a specific year will be able to accurately 
predict gene frequencies in the ovule pool.
In the pollen pool, only one of the seven loci showed significant 
heterogeneity between the two years based on a chi-square independence 
test. While most of the frequencies were very similar, large changes 
did occur in 6PGD-1 (0.043 to 0.006), -2 (0.349 to 0.418), and -7 
(0.004 to 0.013). 6PGD-1 is carried by two clones, 6PGD-2, is carried 
by almost half the clones, and 6PGD-7 is only carried by trees in the 
background stands. These year-to-year differences observed in the 
pollen pool, however, would be more difficult to model than those in 
the ovule pool, since year by clone interaction in pollen production, 
as observed by Schmidtling (1980) in another loblolly orchard, is 
unlikely to be the only factor involved. Different years may also 
mean differences in timing of a clone's (or background) pollen 
dispersal relative to general female receptivity; differences in
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levels or genetic composition of contaminating pollen might also 
occur. Since seed production of clones varies from year to year, 
the clonal representation in the pollen pool could change due to 
the proximity of the ramets of a given clone to ramets of clones 
extraordinarily low or high in seed production in a specific year.
Finally, the presence of allozyme markers unique to 1 or 2 
clones within the orchards was examined (Table 14). In this manner, 
contributions of specific clones to both the pollen and ovule pools 
could be estimated.. In the pollen pool, one of the four markers 
observed in three years showed no significant deviations from expected 
(based on model B) in any of the three years. The other three markers 
(6PGD-1, PGM2-1 and LAP2-3) showed significant deviations from 
expected in only one of the three years. Although it appears that 
clones were represented in the pollen pool at levels very close to 
expected, the effect of pollen contamination is unknown. Marker 5 
(LAP2-3), which is the only marker not found in background stands, was 
found at levels significantly higher than expected in 1975, and at 
levels extremely close to expected in 1976 and 1978. Therefore, if 
contamination levels were similar for 1975 and 1976, it seems likely 
that not all the deviations in the pollen pool are due to pollen 
contamination; clonal differences in pollen production and phenology 
may play a role.
For the same markers in the ovule pool, only two years of data 
were available due to seed sizing in 1978. In the ovule pool, one of 
the five markers differed significantly from expected (based on model 
B) in both sampled years. Each of the others differed significantly 
in one of the two years. A total of four of the five markers differed
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significantly from expected in 1975, and two of the five in 1976.
Some of the markers exhibited large differences in observed frequen­
cies from year to year. One of the larger changes involved marker 
6PGD-1, carried by two clones, 3 and 20, in the LSG. In the 1975 
ovule pool, the observed frequency of the marker was 0.016 and, since 
both clones are heterozygous for the marker, 3.2 percent (2 x 0.016) 
of the seed can be estimated to have been produced by these clones.
In 1976, the observed frequency of the same marker was 0.049, indi­
cating that 9.8 percent (2 x 0.049) of the seed was produced by the 
same two clones in this year. The difference between two years is 
significant (heterogeneity x2 “ 8.27, 1 d.f., p < 0.005). In both 
years, 6PGD-1 was expected at 0.015; therefore, in 1976 the marker was 
found at over three times the frequency at which it was expected. It 
appears that differences in cone production and sound seed yield are 
important factors to consider, and are probably the reasons for the 
deviations from expected gene frequencies in the ovule pool.
1978 Seed Crop
Observed allelic frequencies in the embryos were quite variable 
among the three seed size classes, and were significantly heteroge­
neous at five of the seven loci (Table 15).
The mean number of alleles per locus showed a decrease In each of 
the three seed size classes in the ovule pool relative to the mean 
number of alleles per locus expected in the ovule pools in 1975 and 
1976 (2.71) (Table 16). On the other hand, Nei's H was slightly 
higher in the ovule pool for the large seed size than the H observed 
in the ovule pools in 1975 and 1976 (0.232 and 0.250). In both the
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large and small seed size classes, alleles which were expected to be 
very low in frequency become higher. This raised the mean expected 
heterozygosity. In the embryos, the mean number of alleles per locus
was the same for the small and large seed as observed in the seed
crops of 1975 and 1976; the value for medium seed was slightly lower. 
Thus, despite the fact that certain alleles (therefore clones) were 
absent from the ovules of some seed size classes, the magnitude of H 
was little changed relative to values found in complete seed crops.
In addition to the reduction in genetic diversity within the 
ovule pool of seed size categories due to the reduction in the number 
of individual clones which contribute seeds, further reduction may 
occur due to large differences among the remaining clones in relative
seed production. For example, since one-half the progeny of clone 36
carry the unique marker LAP2-3, which occurred at a frequency of 0.103 
in the ovule pool of small seed, 20.6 percent (2 x 0.103) of the small 
seed can be estimated to have come from this clone. Similarly, clone 
7, heterozygous for marker PGI2-1, can be estimated to have produced 
24.2 (2 x 0.121) percent of the large seed.
Because pollen pools were relatively homogeneous over seed sizes, 
imbalance among clones in total genetic contribution to each size 
class were not as great as would be indicated from ovule pool frequen­
cies alone. Nevertheless, based on allelic frequencies in the embryos 
(Table 15), 11.2 percent of the genes in small seeds can be estimated 
to have come from 36 (which carries LAP2-3), and 29.8 percent of the 
genes in the large seed can be estimated to have come from the four 
clones which carry marker PGM1-2. Thus, some clones appear to be 
substantially over-represented in the large and small seed sizes even
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when contributions of genes through the pollen pool are taken into 
account.
CONCLUSIONS
In the two loblolly pine orchards investigated, outcrossing 
appears to account for nearly all (i.e., > 97%) of the progeny pro­
duced in any one orchard or seed crop year. Mean t estimates varied 
little between orchards in any one year or between years. In addi­
tion, the three methods used to estimate t gave equivalent values.
These results are in agreement with the earlier estimate (t =
0.988) of Adams and Joly (1980a), which was based on a much smaller 
sample. These estimates were also very close to Franklin’s (1968) 
estimate for seed sampled from the upper crowns of trees in wild 
stands (t * 0.983). Since cones were sampled randomly from the crown 
in this study, my estimates should reflect an average for seeds
collected from the entire crown of orchard ramets.
No significant differences were found among individual clones in 
the proportion of outcrossed progeny, although the large standard 
errors of the estimates would have made it difficult to detect any but 
gross differences in outcrossing rates. Although selfing could be an 
important seed orchard problem due to its effect on the reduction of 
seed yield, these data indicate that selfed progeny do not make up a 
significant proportion of the seed crop in these loblolly pine seed 
orchards.
Pollen contamination, on the other hand, may have a significant 
effect on the seed crop of loblolly pine seed orchards. In this case, 
an average of 28 percent of the seed crop of the combined orchards was 
estimated to have been pollinated by trees in the surrounding stands.
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The amount of contamination may be related to the size of the pollen 
source, as contamination due to pollen from large natural stands 122 m 
away was nearly three times as great as that observed from the five 
acre orchard 100 m away.
These data suggest that a 122 m pollen dilution strip may not be 
effective in reducing pollen contamination to an acceptable level,
i.e., less than the 20 percent level suggested by Squillace and Long 
(1981). The amount of pollen contamination did not vary significantly 
over the two years sampled, but our ability to detect small differences 
was hindered by the relatively large standard errors of the estimates.
While contamination is a problem for seed orchard managers, the 
presence of gene flow to an isolated stand within the main range of 
loblolly suggests that sufficient gene flow may exist to enable gene­
tic variability to be maintained at high levels in such stands. 
Depending on the magnitude of the reduction in fitness due to 
inbreeding, and the intensity of selection on seedling progeny, which 
is generally assumed to be great in forest trees, it would appear that 
there may be enough gene flow among stands to prevent the occurrence 
of inbred family groups. This may depend on the structure of the 
stand, however; these seed orchards are much less dense than most 
natural stands. The pollen contamination situation in a seed orchard 
may, nevertheless, resemble gene flow into a natural old-field pine 
stand.
Due, at least in part, to pollen contamination, a great deal of 
genetic variability was found in the seed crops of these orchards.
The gene frequencies observed in the seed crops were similar to 
expected, although gene frequencies were very insensitive to strong
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departures from full genetic efficiency. Nevertheless, all the 
expected alleles, including eight markers expected at a frequency of 
less than five percent, were found in both the pollen and ovule pools 
in each of three years. Both the pollen and ovule pools differed from 
year to year; indicating that seed crops from the same orchards may 
have a different clonal composition in different years.
A different clonal composition was also found in seed which had 
been separated into different seed size classes. Since clones produce 
seed of different sizes, certain parents were completely missing from 
the ovule pools of some seed size classes, and other parents were 
substantially overrepresented. Because of the reduction in number of 
clones represented in the different size classes, it would be advi­
sable to mix seedlings from different seed size classes prior to 
outplanting, if one wishes to incorporate the full level of variabi­
lity available in orchard progeny. If seed is culled by size, a 
decrease in the number of clones represented in the seed crop could 
occur.
In general, then, the seed crops of these orchards contain a 
great deal of variability, but are not at full genetic efficiency.
Some of this is no doubt due to inherent differences in sound seed 
production among clones, which may be magnified by roguing the poorer 
cone producers. Other factors responsible for deviations from full 
genetic efficiency include clonal variation in phenology, pollen pro­
duction, or incompatibility.
Pollen contamination, in these orchards, is certainly responsible 
for some of the deviations from full genetic efficiency. Various 
methods have been proposed for reducing pollen contamination,
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including removing orchards from the species area, increasing the size 
of the orchard or the isolation strip, cooling the orchard to delay 
flowering relative to flowering in outside stands, and the use of 
supplemental mass pollination (SMP) (Denison and Franklin, 1975; 
Woessner and Franklin, 1973). SMP is one of the most promising 
methods suggested as a means to improve genetic efficiency in wind- 
pollinated seed orchards. In addition to reducing pollen con­
tamination, SMP could increase full seed yield by increasing pollen 
available to female flowers during receptivity. Imbalances in clonal 
representation which occur in the seed crop due to clonal variation in 
numbers of male and female flowers and floral phenology could be 
reduced by appropriately adjusting the pollen mix. Besides the 
increase in genetic efficiency, selection intensity could be increased 
in the choice of pollen parents to be included in the mix, and seed 
crops could be genetically tailored for specific uses (Franklin,
1971). If pollen contamination is not reduced, through SMP or some 
other method, on the other hand, it will have an increasingly severe 
impact on advanced generation orchards (Sniezko, 1981).
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TABLE 1. Estimates of the frequency of outcrosses (t) in the progeny of loblolly pine seed
orchard clones based on unique allozyme markers.





Selfs N t s.e.(t)
Poisson 95% 
Conf. Limits








0.25 3 146 0.918 0.082 0.760-0.983
HSG 33 GDH-4 0.50 1 80 0.975 0.025 0.861-0.999
36 LAP2-3 0.50 1 237 0.992 0.008 0.953-1.00






*Expected frequency of the marker in the male gametes of selfed pollen. 
1This estimate does not include clone 46.
TABLE 2. Single-locus estimates of the proportion of outcrosses (t) in the progeny of two loblolly
pine seed orchards in two seed crop years.
Year Orchard GDH LAP PGI
Locus 





1975 LSG 1.035 0.924 0.961 0.955 0.981 — 0.984 0.9723 0.012 6.93(5)
HSG 0.917 0.940 1.000 0.950 0.987 — — 0.9643 0.017 2.54(4)
Pooled over orchards 0.9693 0.010 0.13(1)
1976 LSG 1.011 1.027 1.046 0.980 1.018 1.021 0.945 1.020 0.011 5.48(6)
HSG 1.123 0.957 — 0.939 0.958 — — 0.994 0.024 9.75(3)**
Pooled over orchards 1.016 0.010 1.02(1)
Pooled over years 0.992 0.007 10.05(1)***
1x2Heterogeneity test of heterogeneity of t estimates over loci.
2Pooled using Fisher's weighted variance method.




TABLE 3. Estimates of frequency of outcrosses (t) in the progeny of loblolly pine seed







seed t SEf X2 het. (df)A
1975 LSG 13 24 2,164 0.985 0.014 21.44(12)*
HSG 11 14 1,325 0.975 0.015 7.52(10)
Pooled over orchards 3,489 0.980 0.010 0.18(1)
1976 LSG 13 24 2,131 1.011 0.012 14.86(12)
HSG 12 12 872 0.978 0.021 11.89(11)
Pooled over orchards 3,003 1.00 0.010 1.93(1)
1978 LSG 4 4 289 1.020 0.038 2.32(3)
HSG 3 3 264 1.010 0.030 3.76(2)
Pooled over orchards 553 1.014 0.024 1.24(1)
TOTAL (pooled over years) 7,045 0.994 0.007 2.79(2)
Wisher's weighted variance heterogeneity test for heterogeneity among clonal estimates. 
♦Heterogeneity among estimates significant at p < 0.05.
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TABLE 4. Estimated proportion (Mg) of progeny of the LSG and HSG 
orchards (combined) fertilized by pollen from background 







1 0.0142 23 7,626 0.21 0.158
2 0.0040 9 7,663 0.29 0.155
3 0.0046 6 7,703 0.17 0.114
4 0.0616 197 7,609 0.42 0.109
Pooled over markers 0.281 0.063
1Expected frequency of marker in pollen produced by background stands.
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TABLE 5. Estimated proportion (M^) of the progeny of the LSG orchard 
in two different years (1975 and 1976) fertilized by pollen 




With marker Total m a S M.p A
1975 0.047 13 2,182 0.13 . 0.035
1976 0.038 6 2,130 0.07 0.030
Pooled over years2 0.10 0.023
1Based on one unique allozyme marker.
2Weighted by Fisher's weighted variance; heterogeneity x2 f°r hetero­
geneity of estimates over years was (x2(l) “ 1.39 p > 0.05).
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TABLE 6. Estimates of Mg and based on the frequencies of gene 
markers at seven allozyme loci.
Orchard Year
m a
s. e . ....?*B C
O • (0 • J*
LSG 1975 -0.033 0.21 0.26 0.34
LSG 1976 0.25 0.13 0.28 0.22
HSG 1975 0.31 0.20 0.24 0.27
HSG 1976 0.24 0.19 0.15 0.26
Pooled 0.19 0.09 0.25 0.13
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TABLE 7. Comparison of allelic frequencies expected in the 1976 seed 
crop under four models.
Model A* B2 C3 D4
GDH 1 0.900 0.912 0.932 0.840
2 0.100 0.088 0.064 0.160
LAP 2 1 0.509 0.449 0.444 0.330
2 0.485 0.539 0.524 0.670
3 0.006 0.012 0.032 0
PGI2 2 0.927 0.889 0.886 0.830
3 0.053 0.087 0.114 0.170
4 0.020 0.024 0 0
GOT 2 1 0.178 0.135 0.114 0
3 0.822 0.865 0.886 1.0
6PGD 1 0.029 0.015 0 0
2 0.423 0.403 0.484 0.16
3 0.035 0.039 0.056 0
4 0.039 0.032 0.032 0
5 0.474 0.511 0.423 0.84
7 0 0 0 0
PGM1 1 0.959 0.952 0.944 0.830
2 0.041 0.048 0.056 0.170
PGM2 1 0.015 0.020 0 0
2 0.985 0.980 1.0 1.0
If 0.260 0.258 0.248 0.221
Mean no. of
alleles/locus 2.71 2.71 2.14 1.7
^•Maximum genetic efficiency.
2Weighted by ramets.
3Top 22% of clones only included.
^Top 8% of clones only included.
TABLE 8. Goodness-of-fit of observed gene frequencies In the embryos of the 1975 bulk









B v2(df ) 1
No. of 
gametes
GDH 1 0.921 0.900 0.908 1,016
2 0.079 0.100 5.27(1)* 0.092 2.00(1)
LAP2 1 0.445 0.509 0.448 1,002
2 0.534 0.485 0.540
3 0.021 0.006 50.47(2)** 0.012 6.84(2)*
PGI2 2 0.9352 0.927 0.889 1,012
3 0.051 0.053 0.088
4 0.014 0.020 1.94(2) 0.023 21.25(2)**
G0T2 1 0.127 0.178 0.137 1,010
3 0.873 0.822 18.28(1)** 0.863 0.84(1)
6PGD 1 0.020 0.029 0.016 1,006
2 0.392 0.423 0.402
3 0.057 0.035 0.039
4 0.026 0.039 0.033
5 0.5052 0.474 25.65(4)** 0.510 11.07(4)*
POll 1 0,956 0.959 0.953 1,000
2 0.044 0.041 0.23(1) 0.047 0.20(1)
PGM2 1 0.005 0.015 0.020
2 0.995 0.985 6.77(1)** 0.980 11.48(1)**




(p < 0.05) lack of fit 5 4
♦Indicates significant at 0.05 probability level.
**Indicates significant at 0.01 probability level.
^odness-of-flt chi-square.
2Allele8 PGI2-1 and 2 and 6PGD5 and 7 were pooled for calculations.
TABLE 9. GoodneS8-of-flt of observed gene frequencies In the embryos of the 1976 bulk












GDII 1 0.919 0.900 0.912 984
2 0.081 0.100 3.95(1)* 0.088 0.60(1)
LAP 2 1 0.475 0.509 0.449 966
2 0.514 0.485 0.539
3 0.011 0.006 7.89(2)* 0.012 2.66(2)
PGI2 2 0.940 0.927 0.889 978
3 0.044 0.053 0.087
4 0.016 0.020 2.46(2) 0.024 26.25(2)**
GOT 2 1 0.115 0.178 0.135 971
3 0.885 0.822 26.34(1)** 0.865 3.33(1)
6PGD 1 0.046 0.029 0.015 986
2 0.381 0.423 0.403
3 0.048 0.035 0.039
4 0.035 0.039 0.032
5 0.490 0.474 19.71(4)** 0.511 66.68(4)**
PCM1 1 0.935 0.959 0.952 984
2 0.065 0.041 15.01(1)** 0.048 6.22(1)*
PGM2 1 0.015 0.015 0.020 984
2 0.985 0.985 0(1) 0.980 1.26(1)




(p < 0.05) lack of fit 5 3
♦Indicates significant at 0.05 probability level.
♦♦Indicates significant at 0,01 probability level.
^oodness-of-flt chi-square.
2Alleles PGI2-1 and 2 and 6P6D5 and 7 were pooled for calculations.













GDH 1 0.909 0.900 0.903 0.892
2 0.091 0.100 0.54(1) 0.097 0.20(1) 0.107 1.33(1) 508
LAP2 1 0.425 0.509 0.445 0.448
2 0.555 0.485 0.540 0.541
3 0.020 0.006 28.29(2)#* 0.015 1.13(2) 0.011 3.39(2) 501
PGI2 2 0.9622 0.927 0.888 0.895
3 0.018 0.053 0.092 0.080
4 0.020 0.020 12.69(2)^ 0.020 32.8(2)^ 0.025 21.27 (.2)** 506
GOT 2 1 0.170 0.178 0.143 0.860
3 0.830 0.822 0.22(1) 0.857 3.17(1) 0.140 3.69(1) 505
6PGD 1 0.024 0.029 0.017 0.020
2 0.406 0.423 0.400 0.390
3 0.074 0.035 0.041 0.063
4 0.018 0.039 0.037 0.039
5 0.4782 0.474 27.15(4)^ 0.505 19.16(4)« 0.488 7.62(4) 503
PGM1 1 0.954 0.959 0.955 0.947
2 0.046 0.041 0.45(1) 0.045 0 0.053 0.04(1) 500
PGM2 1 0.006 0.015 0.019 0.018
2 0.994 0.985 2.31(1) 0.981 4.07(1)^ 0.982 4.07(1)# 500
Total 71.65(12)Aft 50.53(12)^ 47.41(12)^
Loci with significant
(p < 0.05) lack of fit 3 3 2
♦Indicates significant at the 0.05 probability level. 
♦♦Indicates significant at the 0.01 probability level. 
1Goodness-of-flt chi-square test.
2Alleles 6PGD 5 and 7 or PGI2 1 and 2 were pooled for analysis.
TABLE 11. Goodneas-of-fIt of observed gene frequencies In the pollen pools of the 1976 and 1978 seed crops under three models.
Goodneas-of-fIt Goodne8S-of-flt























0.091 0.44(1) 0.10(1) 2.05(1) 492
0.879















0.010 4.25(2) 0.81(2) 0.85(2) 483
0.454
0.534















0.022 11.62(2)“ 26.30(2)“ 21.41(2)“ 489
0.928
0.040










0.870 7.64(1)“ 0.07(1) 0.07(1) 485
0.128








































0.055 2.55(1) 0.53(1) 0.17(1) 492
0.955










0.990 0.83(1) 2.51(1) 1.81(1) 492
0.015
0.985 0(1) 0.70(1) 0.34(1) 647
Total 67.92(12)“ 81.88(12)“  49.21(12)“ 55.37(12)“ 39.59(12)** 23.28(12)
Loci with significant 
(p < 0.05) lack of fit 3 2 2 4 2 1
‘Indicates significant at Che 0.05 probability level.
“ Indicates significant at the 0.01 probability level.
•Alleles PGI2-1 and 2, and 6PGD5 and 7 were pooled for calculations.
TABLE 12. Goodness-of-fit of observed gene frequencies in the ovule pools of the 1975 and 1976 seed crops to those









Goodness-of-fit (x2^ )  






Model No. of 
gametesLocus Allele A B A B A B
GDH 1 0.900 0.912 0.933 0.929
2 0.100 0.088 0.067 6.29(1)* 2.95(1) 508 0.071 4.44(1)* 1.63(1) 492
LAP 2 1 0.509 0.449 0.465 0.480
2 0.485 0.539 0.513 0.508
3 0.006 0.012 0.022 24.04(2)** 5.08(2) 501 0.012 4.31(2) 2.40(2) 483
PGI2 1 0.015 0.036 0.012 0.033
2 0.912 0.853 0.895 0.892
3 0.053 0.087 0.085 0.065
4 0.020 0.024 0.008 13.62(3)** 15.37(3)** 506 0.010 15.68(3)** 7.81(3)** 489
G0T2 1 0.178 0.135 0.083 0.103
3 0.822 0.865 0.917 31.20(1)** 11.49(1)** 505 0.897 19.17(1)** 4.49(1)* 486
6PG0 1 0.029 0.015 0.016 0.049
2 0.423 0.403 0.378 0.414
3 0.035 0.039 0.040 0.018
4 0.039 0.032 0.034 0.049
5 0.474 0.511 0.532 10.20(4)* 1.41(4) 503 0.470 12.34(4)* 52.26(4)** 493
POll 1 0.959 0.952 0.958 0.925
2 0.041 0.048 0.042 0.05(1) 0.39(1) 500 0.075 15.06(1)** 7.40(1)* 492
PGM2 1 0.015 0.020 0.004 0.020
2 0.985 0.980 0.996 4.09(1)* 6.53(1)* 500 0.980 1.30(1) 0.0(1) 492
Total 89.49(13)** 43.22(13)** 72.30(13)** 75.99(13)**
Loci with significant
(P < .05) lack of fit H » 0.232 6 3 a - o.250 5 4
‘Indicates significant at 0.05 probability level.
“ Indicates significant at 0.01 probability level.
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TABLE 13. Test of Independence of observed frequencies over years in which expected 
frequencies remain constant.
Allozyme Observed frequencies ovule pool Observed frequencies pollen pool
Locus Allele 1975 N 1976 N yz(df)1 1976 N 1978 N ' " Y^dfS 1
GDH 1 0.933 0.929 0.909 0.879
2 0.067 508 0.071 492 0.07(1) 0.091 492 0.121 694 2.60(1)
LAP 1 0.465 0.481 0.468 0.454
2 0.513 0.507 0.522 0.534
3 0.022 501 0.012 493 1.43(2) 0.010 483 0.012 690 0.26(2)
POI 1 0.012 0.033
2 0.895 0.892 0.956 0.928
3 0.085 0.065 0.022 0.040
4 0.008 506 0.010 489 6.31(3) 0.022 489 0.032 692 3.91(2)
GOT 1 0.083 0.103 0.130 0.128
3 0.917 505 0.897 486 1.14(1) 0.870 485 0.872 687 0.01(1)
6PGD 1 0.016 0.049 0.043 0.006
2 0.378 0.414 0.349 0.418
3 0.040 0.018 0.077 0.054
4 0.034 0.049 0.022 0.033
5 0.532 503 0.470 493 16.36(4)^ 0.505 493 0.476 698 28.71(5)^
7 0.004 0.013
PGM-1 1 0.958 0.925 0.945 0.955
2 0.042 500 0.075 492 5.53(1)^ 0.055 492 0.045 687 0.60(1)
PGM-2 1 0.004 0.020 0.010 0.015
mSm 0.996 500 0.980 492 4.97(1)^ 0.990 492 0.985 647 0.58(1)
Total 35.81(13)^ 36.67(13)^
Loci with significant
(p < 0.05) independence 3 1
♦Indicates significant at the 0.05 probability level.
♦♦Indicates significant at the 0.01 probability level. 
^Chi-square heterogeneity.









Pollen pool Ovule pool
1975 1976&78 1976 1978 1975676 1975 1976
Bxpected Observed Y*(df V4 Expected Observed Y^df)* Observed Y4(df)* Expected Observed Y4(df)* Observed Y^df)*
1 1 PGI2-1 _1 — — — — — — - 0.037 0.011 9.24(1)** 0.033 0.23(1)
2 2 PGI2-4 0.020 0.020 0 0.024 0.022 1.61(1) 0.033 0.05(1) 0.024 0.008 5.46(1)* 0.010 4.19(1)*
3 2 6PGD-1 0.017 0.024 1.02(1) 0.015 0.043 28.40(1)** 0.006 3.65(1) 0.015 0.016 0(1) 0.049 41.39(1)**
4 1 PGH2-1 0.019 0.006 4.53(1)* 0.020 0.010 2.55(1) 0.015 0.71(1) 0.020 0.004 6.53(1)** 0.020 0(1)
5 1 LAP2-3 0.015 0.020 5.05(1)* 0.012 0.010 0.17(1) 0.012 0(1) 0.012 0.022 4.21(1)* 0.012 0(1)
D^ashes Indicate that the marker allele can only be detected In the female contribution. 
^Heterogeneity x2(df).
S^ignificant at p < 0.05.
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TABLE 15. Comparison of embryo allelic frequencies (at 7 allozyme loci), expected 
heterozygosites (H), and mean numbers of alleles per locus (A) among 





Locus Allele Frequency N Frequency N Frequency N vHdf )
GDH 1 0.888 490 0.890 438 0.898 462 0.29(2)
2 0.112 0.110 0.102
LAP2 1 0.401 484 0.454 436 0.454 460 22.00(4)**
2 0.543 0.521 0.539
3 0.056 0.025 0.007
PGI2 2 0.940 490 0.903 434 0.892 460 18.00(4)**
3 0.029 0.069 0.091
4 0.031 0.028 0.017
G0T2 1 0.118 484 0.133 436 0.128 454 0.55(2)
3 0.882 0.867 0.872
6PGD 1 0.002 490 0 440 0.008 466 19.30(10)*
2 0.396 0.431 0.363
3 0.018 0.039 0.039
4 0.024 0.041 0.024
5 0.556 0.480 0.560
7 0.004 0.009 0.006
PGM1 1 0.994 490 0.946 442 0.851 442 77.36(2)**
2 0.006 0.054 0.149
PGM2 1 0.035 490 0.020 442 0.003 364 10.49(2)**
2 0.965 0.980 0.997
¥ 0.239 0.264 0.274
A 2.86 2.71 2.86
^Significant heterogeneity at 0.05 probability level.
**Slgnifleant heterogeneity at 0.01 probability level.
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TABLE 16• Comparison of allelic frequencies in Che ovule pool among three seed 






Locus Allele Frequency N Frequency N Frequency N
GDH 1 0.927 245 0.890 219 0.897 234 2.03(2)
2 .0.073 0.110 0.103
LAP 2 1 0.309 243 0.477 218 0.472 233 39.99(4)**
2 0.588 0.436 0.528
3 0.103 0.037 0
PGI2 1* 0 245 0.037 217 0.121 231 55.31(6)**
2 0.930 0.848 0.754
3 0.037 0.097 0.121
4 0.033 0.018 0.004
G0T2 1 0.127 245 0.142 219 0.103 232 1.70(2)
3 0.873 0.858 0.897
6PGD 1 0 245 0 221 0.004 233 23.45(8)**
2 0.376 0.443 0.309
3 0.004 0.014 0.009
4 0.004 0.050 0.026
5 0.616 0.493 0.652
PGM1 1 1.00 245 0.950 221 0.769 221 81.87(2)**
2 0 0.050 0.231
PGM2 1 0.053 245 0.018 221 0 182 12.38(2)**
2 0.947 0.982 1.00
¥ 0.231 0.267 0.275
Mean no. of
alleles/locus 2.43 2.57 ' 2.43
IPGI2-1 is detectable In megagametophytes only; it was bulked with PGI2-2 for 
estimation of H.
^Significant at 0.05 probability level.
^^Significant at 0.01 probability level.
APPENDIX
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APPENDIX 1. Estimates of t based on the multilocus model for each 











s. d . 
t l-a
Clone 1 1 99 1.043 0.0032 0.0031 0.057 0.746
2 1 97 1.265 0.0190 0.0182 0.138 0.138
4 1 82 0.953 0.0036 0.0036 0.060 0.793
6 2 193 0.974 0.0035 0.0034 0.059 0.607
10 3 207 0.985 0.0019 0.0018 0.044 0.731
13 2 210 1.035 0.0012 0.0012 0.035 0.782
14 2 217 1.056 0.0083 0.0078 0.091 0.375
*16 3 270 0.935 0.0008 0.0008 0.028 0.860
17 2 144 1.137 0.0054 0.0052 0.073 0.556
18 3 327 0.951 0.0017 0.0016 0.041 0.659
21 1 105 1.140 0.0201 0.0194 0.142 0.342




2 129 0.981 0.0051 0.0050 0.071 0.617
3 2 162 1.034 0.0009 0.0009 0.030 0.848
4 1 99 0.944 0.0021 0.0021 0.046 0.856
6 2 225 0.919 0.0025 0.0025 0.050 0.658
7 2 198 1.044 0.0026 0.0026 0.051 0.653
10 2 188 1.039 0.0016 0.0015 0.040 0.758
12 2 188 1.026 0.0012 0.0011 0.035 0.809
13 3 187 1.032 0.0010 0.0010 0.032 0.824
14 2 219 1.030 0.0072 0.0067 0.085 0.408
16 2 118 1.056 0.0013 0.0013 0.036 0.834
17 2 186 1.003 0.0043 0.0042 0.066 0.563
18 1 108 0.877 0.0046 0.0045 0.068 0.697




1 106 1.020 0.0164 0.0156 0.128 0.378
25 1 85 1.024 0.0051 0.0051 0.071 0.689
33 1 84 0.907 0.0087 0.0084 0.093 0.591
34 1 92 0.860 0.0174 0.0166 0.132 0.379
35 2 195 1.025 0.0007 0.0007 0.026 0.865
36 3 288 0.995 0.0009 0.0009 0.030 0.803
40 1 88 1.011 0.0020 0.0020 0.045 0.842
42 1 100 0.871 0.0161 0.0154 0.127 0.379
45 1 100 0.874 0.0059 0.0058 0.077 0.652
46 1 71 0.909 0.0034 0.0034 0.058 0.853
48 1 105 0.861 0.0203 0.0194 0.142 0.310
49 1 117 1.024 0.0058 0.0056 0.075 0.601
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Appendix 1 (continued)
Orchard Year Number Number vart s . d.
HSG 1975 ramets seed t vart w/o a t 1-a
25 1 106 1.015 0.0052 0.0050 0.0721 0.650
*26 1 47 0.886 0.0025 0.0024 0.050 0.985
31 1 43 1.113 0.0619 0.0595 0.249 0.293
34 1 81 1.131 0.0221 0.0208 0.149 0.382
35 1 116 1.014 0.0014 0.0014 0.037 0.850
36 1 45 1.052 0.0039 0.0038 0.062 0.824
37 1 63 0.961 0.0086 0.0084 0.093 0.661
38 1 92 0.919 0.0077 0.0073 0.088 0.603
42 1 96 0.791 0.0158 0.0151 0.126 0.382
45 1 56 0.910 0.0090 0.0087 0.095 0.687
46 1 32 0.979 0.0070 0.0069 0.084 0.830
48 1 95 1.176 0.0269 0.0250 0.164 0.313
*t denotes significantly from 1 at p < 0.05
